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The combined effects of supernova explosions and stellar winds produce a hot bubble in the
central regions of starburst galaxies. As the bubble expands, it can outbreak into the galactic
halo driving a superwind that transports hot gas and fields to the intergalactic space. We present
estimates of cosmic ray generation and gamma-ray emission in both this large-scale wind and the
bow shocks created around the embedded clouds.
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1. Superwinds of starburst galaxies
Starburst galaxies undergo exceptionally high rates of star formation, often associated with
galactic mergers. The enhanced star formation results in a large number of massive stars with strong
winds and a high rate of supernova explosions. Both, stars and supernovae, contribute to heat up the
interstellar gas which emits hard X-rays. Part of the radiation is reprocessed in the interstellar dust
yielding the high infrared luminosities that are characteristic of these kind of galaxies. The energy
injected by supernova explosions can additionally produce strong shock waves which accelerate
cosmic rays. These particles interact with the matter, magnetic, and radiation fields producing
enhanced radio and gamma-ray emission from the galactic disks (see for e.g. [1, 2, 3]).
In starburst regions, the density of core-collapse supernovae is so large as for the supernova
remnants to merge. The shock fronts formed in these collisions thermalize the energy released
by the stellar explosions, creating a region filled with hot gas of temperature (Tgas ∼ 108 K). The
thermal energy of this matter is so high that it is unbound by the gravitational potential of the
galaxy. Therefore, the hot gas expands adiabatically and escapes from the system sweeping up
cooler and denser gas from the disk, driving thus a galactic superwind in which fragments of the
disk are embedded [4].
Superwinds are complex multiphase outflows. They are formed by cool, warm, and hot gas
components, as well as by dust and magnetized relativistic plasma. Currently, the existence of su-
perwinds is supported by numerous observations. Metals are detected in the intergalactic medium,
bubbles in the outflows are measured in Hα , and molecular lines plus X-ray diffuse emission con-
sistent with gas at temperatures∼ 107−8 K are observed above the galactic disks of several starburst
galaxies (see for e.g. [5, 6]). Since superwinds are powered by the mechanical energy of the star
forming region, their main properties scale with the star formation rate (SFR). The energy (E˙) and
mass (M˙) injected by the superwind, consequently, can be written as[7, 8]:
E˙ = ε E˙∗ (1.1)
M˙ = M˙∗+ M˙ISM = β M˙∗ (1.2)
E˙∗ = 7×1041 (SFR/Myr−1) erg s−1, (1.3)
M˙∗ = 0.26 (SFR/Myr−1) Myr−1, (1.4)
where ε and β are the thermalization parameter and the mass loading factor, respectively. The
thermalization parameter accounts for the degree of thermalization of the plasma in the star forming
region, whereas the mass loading factor takes into account that the superwind sweeps up not only
the ejecta of the stellar winds and supernova but also interstellar material.
Since the dust and gas heated up in the starburst region emit infrared radiation, it is possible to
relate the SFR with the total infrared luminosity (LIR) in these galaxies [9]:
SFR≈ 17 LIR
1011L
M yr−1. (1.5)
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Using the previous expressions, the final velocity of the superwind can be just written in terms
of the thermalization and mass loading parameters [7]:
v∞ =
√
2ε E˙∗
β M˙∗
≈ 3000
√
ε
β
km s−1. (1.6)
The collision of the fast superwinds with the cool swept-up halo and thick disk matter can
develop large shock waves inside the superwind bubble (see Fig. 11 in [6]). Radiative and slow
shocks propagate forward in the direction of expansion of the bubble, whereas strong adiabatic
reverse shocks propagate backwards through the superwind.
As we mentioned before, the superwind sweeps up also matter from the disk. Several simula-
tions show that many of these fragments remain inside the wind forming ‘clouds’ or large ‘clumps’
for long periods. The interaction of the supersonic wind with these clouds develops bow shocks
around the latter [10, 11, 12]. Such bow shocks have been previously studied to explain the ob-
served thermal radiation and the emission lines detected in halos of some starbursts (for e.g. [13]).
A sketch of the situation is presented in Figure 1 (adapted from Müller et al. in preparation).
Figure 1: Sketch of superwind from the starbursts and the system of shocks associated with it.
In what follows we focus on a particular starburst galaxy: the nearby southern galaxy NGC
253. This galaxy has been detected in gamma rays and has been claimed to be a source of ultra
high-energy cosmic rays [14, 15].
2. NGC 253 and cosmic rays
NGC 253 is the nearest starburst galaxy (D ∼ 3 Mpc). It is an edge-on galaxy with a star
formation rate of SFR ∼ 3 M yr−1. Its asymmetric superwind is detected in X-rays, Hα , and
CO [6]. Non-thermal radio emission is observed from the galactic halo, revealing the presence of
relativistic particles [16]. Recently, ALMA interferometer showed that the mass loading factor of
NGC 253 is very high: β ∼ 12 [17]. Table 1 in [18] presents a summary of the physical properties
of NGC 253.
Motivated by the γ-ray data collected by Fermi satellite and H.E.S.S. in the last decade [14,
19, 20], we revise the model first proposed by Anchordoqui et al. (1999) [15]. In the scenario
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presented in that work, relativistic particles are accelerated at the large-scale shocks created by the
interaction of the superwind with the intergalactic medium through diffusive shock acceleration
(DSA) [21, 22]. We have investigated the nature of these shocks and found that DSA is actually
only possible at the strong adiabatic reverse shock (see Appendix in [18]). If we assume that the
diffusion occurs in the Bohm’s regimen, the acceleration timescale can be calculated as [23, 18]:
tacc ≈ 2.1
(
vrev
1000km s−1
)−2( B
µG
)−1( E
GeV
)
yr, (2.1)
where vrev is the velocity of the reverse shock and B is the strength of the magnetic field. In the
case of NGC 253, the observations show a magnetic field value of ∼ 5µG in the halo [16].
Matching tacc with the lifetime of the starburst (∼ 10 Myr), the maximum energies for accel-
erated hadrons are found: Emax ∼ 1016 eV for protons and ∼ 4×1017 eV for iron nuclei. These
energies are smaller than those claimed by [15, 24], which are based on overestimates of the shock
velocity and the magnetic field, respectively. We have then obtained the particle distributions and
built the spectral energy distributions (SEDs) of the associated radiation taking into the account the
observational constraints given by [19].
3. Spectral energy distributions
The resulting SEDs are shown in Fig. 2 [18]. We conclude that a significant (of about ∼
50%) part of the total γ-ray radiation observed from this source can be explained by proton-proton
inelastic collisions in the superwind.
On the other hand, we have also studied the possibility of accelerating particles at the bow
shocks around the fragments of disk inside the superwind (Müller et al. in preparation). The
maximum energies reached by the particles in this scenario are smaller than those obtained for
the large-scale shocks in the superwind bubble. We explore the parameter space generating with
several different models. As a result we found that the γ-ray luminosity is high enough to allow
the detection of some bow shocks as point-like sources with the forthcoming Cherenkov Telescope
Array (see Fig. 3). We also found that these bows shocks can be point-like X-ray sources for
current X-ray instruments. Several of such sources have been actually observed in the halo of both
NGC 253 and the similar galaxy M82 (e.g. ref. [25]).
4. Conclusions
We can conclude that:
• NGC 253 and other similar starburst galaxies are sources of cosmic rays below the ankle of
the cosmic ray spectrum. If cosmic rays of higher energies are produced in these objects, as
suggested by recent results indicating a high-metallicity content towards the end of the cos-
mic ray spectrum and some positional correlations, then such particles should be accelerated
not at the superwind, but in the inner source (putative black hole at the center of the galaxy)
or by gamma-ray bursts/magnetars in the disk.
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Figure 2: SED for non-thermal emission from the reverse shock starburst superwinds produced by syn-
chrotron, inverse Compton and proton-proton inelastic collisions. The dashed lines indicate the upper and
lower limits imposed by Fermi satellite and HESS observatory; see ref. [18].
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Figure 3: Preliminary SED for non-thermal emission from a bow shock in the superwind of the starburst
NGC 253. The radiation is produced by synchrotron, inverse Compton, and proton-proton inelastic colli-
sions.
• We estimate that γ rays up to∼ 1015 eV are accelerated inside the halos of starburst galaxies.
This emission can be as important as the emission from the disk, but reaching higher energies
• Discrete γ-ray sources should exist in the halo of starbursts because of the interaction of the
superwind with fragments of disk. Some X-ray sources in the halo might be associated with
such phenomenon as well.
All this shows that starburst galaxies are complex very high-energy sources that deserve thor-
ough investigation in the light of multi-wavelength observations in order to clarify the true nature
of the various physical processes occurring in them.
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